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The exquisite properties of Rydberg levels make them particularly appealing for emerging quan-
tum technologies. The lifetime of low-angular-momentum laser-accessible levels is however limited
to a few 100µs by optical transitions and microwave blackbody radiation (BBR) induced transfers
at room temperature. A considerable improvement would be obtained with the few 10 ms lifetime
of circular Rydberg levels in a cryogenic environment reducing the BBR temperature. We demon-
strate the preparation of long-lived circular Rydberg levels of laser-cooled Rubidium atoms in a
cryostat. We observe a 3.7 ms lifetime for the circular level of principal quantum number n = 52.
By monitoring the transfers between adjacent circular levels, we estimate in situ the microwave
BBR temperature to be (11 ± 2) K. The measured atomic coherence time (270µs) is limited here
only by technical magnetic field fluctuations. This work opens interesting perspectives for quantum
simulation and sensing with cold circular Rydberg atoms.
Rydberg atoms, i.e. atoms prepared in levels with a
high principal quantum number n, are the focus of a re-
newed interest [1, 2]. Their large coupling to electromag-
netic fields, their large mutual dipole-dipole interactions
and their long lifetimes make them ideally suited to cav-
ity quantum electrodynamics [3, 4], quantum sensing [5–
7], quantum information [1, 8] and quantum simulations
of spin systems [2, 9–12]. However, the laser-accessible
low-orbital-angular-momentum (`) Rydberg levels life-
time, mainly determined by optical transitions, limits
evolution and measurement times to a few 100µs.
The circular Rydberg levels |nC〉, with maximum or-
bital angular momentum (` = |m| = n − 1), have a
much longer natural lifetime, of 30 ms for n ≈ 50. It
can even be increased by several orders of magnitude
inside a spontaneous-emission inhibiting structure [13].
Moreover, circular Rydberg atoms (CRAs) are immune
to photoionization, in contrast to low-` Rydberg lev-
els [14]. Thus, they can be efficiently laser-trapped over
long times [15]. All these features make it possible to
reach long interaction times with microwave cavities [16],
enabling powerful manipulations of the field quantum
state in cavity QED [17]. Longer interrogation times in
quantum sensing can provide higher sensitivities to the
probed fields [18]. Longer simulation times would allow
quantum simulators to explore slow dynamics, e.g., ther-
malization [19].
All experiments with Rydberg atoms, however, must
face the problem of population transfer induced by res-
onant microwave blackbody radiation (BBR). At room
temperature, the high number of BBR photons per mode
(100 photons at 50 GHz) significantly reduces the Ryd-
berg levels lifetimes, particularly for the circular ones (by
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two orders of magnitude for |52C〉). Moreover, for low-`
levels, spurious transfers to nearby states create impu-
rities in the atomic system, detrimental to experiments
dressing ground-state atoms with Rydberg levels [20, 21].
Fully harnessing the long lifetimes of Rydberg levels thus
requires a cryogenic environment.
Here, we demonstrate the preparation in a 4 K cryostat
of the n = 52 circular Rydberg state from laser-cooled
Rubidium atoms at a 10µK temperature. We measure
a (3.7 ± 0.1) ms lifetime for |52C〉. By monitoring the
population transfers between adjacent circular levels, we
estimate in situ the microwave BBR temperature to be
(11 ± 2) K. We also measure the coherence time of a
microwave transition between circular levels and identify
its current purely technical limitations.
The experimental setup [15, 22], sketched on Fig. 1,
is enclosed in a wet 4 K 4He optical cryostat. Room-
temperature microwave radiation enters the cryostat
through SF-57 optical ports (total surface 16 cm2). In
order to keep the microwave BBR temperature as low as
possible, we have installed 355 cm2 of RAM (radar ab-
sorption material) plates [23] inside the 4 K copper ther-
mal shield. From a simple balance of the respective sur-
faces of RAM and optical ports, we get a rough a priori
estimate of the BBR temperature of 17 K.
Rubidium-87 atoms are laser-cooled and trapped in a
3D mirror magneto-optical trap (MOT) created in front
of a Rubidium-coated metallic mirror [24]. An atomic
beam that streams out of a 2D MOT along the z-axis
(axes definition in Fig. 1) loads the 3D MOT. Atoms
are further cooled down to about 10µK via an opti-
cal molasses stage that optically pumps them into the∣∣5S1/2, F = 2〉 ground state.
We excite the atoms from
∣∣5S1/2, F = 2,mF = 2〉 into∣∣52D5/2,mJ = 5/2〉 at time t = 0 by a two-photon
laser-excitation (780 and 480 nm wavelengths). The
780 nm-wavelength red laser beam, blue-detuned from∣∣5P3/2, F ′ = 3,mF = 3〉 by 560 MHz, has a waist of
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FIG. 1: a. Experimental setup with axes definition. The
blue and red excitation laser beams cross in the cold atom
cloud (green) 3 mm from the surface of the MOT mirror. The
electrode VS applies the electric field F and the ionization
field. The Rb+ ions (violet dashed line) are guided to the
channeltron C by the deflection electrodes Vd. Four addi-
tional compensation electrodes (only two, RF1 and RF2, are
shown) control electric field gradients and apply the circular
state preparation RF field. b. Simplified level scheme. Left:
two-photon laser excitation (solid arrows) and circular state
preparation (dotted arrow). Right: Partial diagram of the
Stark levels sorted by m values. The green arrows indicate
the one- and two-photon transitions used in the coherence
measurements.
200µm and is perpendicular to the mirror surface. It
crosses the 480 nm-wavelength blue laser beam (20µm
waist), that propagates along the x-axis, about 3 mm
away from the mirror surface. Both lasers are pulsed
(5µs pulse duration).
The excitation to the low-` Rydberg level∣∣52D5/2,mJ = 5/2〉 takes place in a F = 0.36 V/cm
electric field lifting the degeneracy between the mJ
levels. The electric field, F , is aligned along the y-axis
and is defined by the electrode VS and the grounded
MOT metallic mirror. Four compensation electrodes,
arranged on a 2 cm-side square surrounding the Rydberg-
excitation region, are used to minimize the electric field
gradients, measured by microwave spectroscopy.
We then efficiently transfer the atoms into the
|52F,m = 2〉 level in an adiabatic process, starting at
t = 14µs. We shine a 4µs-long 56.85 GHz-frequency
microwave pulse while raising the electric field up to
F = 1.8 V/cm. The microwave is on resonance with
the
∣∣52D5/2,mJ = 5/2〉 → |52F,m = 2〉 transition when
F = 1.75 V/cm. The preparation of |52C〉 (n = 52,m =
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FIG. 2: Ionization spectra of two low-` levels
(
∣∣52D5/2,mJ = 5/2〉 and |52F,mF = 2〉) and circular
levels |nC, 49 ≤ n ≤ 53〉. The number of detected counts per
µs is plotted versus the ionization field (bottom horizontal
axis). The upper horizontal axis gives the time delay from
the beginning of the ionization ramp. The shaded areas
depict the integration windows used for the measurements of
the Nns. Each curve is the result of the average over ≈ 105
experimental runs.
+51) then requires the transfer of 49 orbital momen-
tum quanta. At t = 25µs, we raise the electric field
to F = 2.4 V/cm and turn on a σ+-polarized radio-
frequency (RF) field at νRF = 230 MHz. It is on res-
onance with the m → m + 1 transitions in the Stark
manifold when F = 2.3 V/cm. By scanning the electric
field down to F = 2.1 V/cm in 2µs, we perform a second
adiabatic transfer from |52F,m = 2〉 to |52C〉 [25]. The
RF field is produced by applying electric potentials at
νRF on two adjacent compensation electrodes. The pre-
cise tuning of the amplitudes and relative phase of these
potentials makes it possible to cancel the σ− RF polariza-
tion component at the position of the atoms. Once |52C〉
is prepared, we reduce electric field to F = 1.5 V/cm at
t = 34µs.
We finally measure the population of individual Ry-
dberg levels by state-selective field ionization. We ap-
ply with electrode VS a 150µs-long electric field ramp
that successively ionizes the Rydberg levels. The Rb+
ions are then guided to a channeltron using the deflec-
tion electrode Vd (Fig.1) [22]. By recording the arrival
times of the ions, we recover the ionization spectrum of
the Rydberg atom cloud. The complete sequence is re-
peated several hundred times on the same initial cold
atom cloud, for a total duration of ≈ 1 s during which
the optical molasses is kept on.
Figure 2 shows the ionization spectra recorded after
the preparation of
∣∣52D5/2,mJ = 5/2〉, |52F,m = 2〉 and
|52C〉. The ionization ramp is triggered at t = tion =
200µs. It is apparent that the field ionization distin-
guishes well low- from high-` Rydberg levels. We also
prepared all circular levels with 48 ≤ n ≤ 53 by apply-
ing µs-long single- or multi-photon microwave pi-pulses
355c
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FIG. 3: (a) Decay of circular Rydberg atoms initially prepared in |52C〉. Ionization spectra are plotted as a function of the delay
time τ . The color shadings indicate the integration windows for the measurement of the circular level normalized populations,
Πns (49 ≤ n ≤ 55). Population transfer on the |nC〉 ↔ |(n− 1)C〉 transitions (frequencies νn = 40.7 GHz, 43.0 GHz, 45.5 GHz,
48.2 GHz, 51.1 GHz, 54.3 GHz and 57.7 GHz for n = 55 to 49, respectively) is apparent. (b) Time evolution of the populations
Πns, from the data in (a), as a function of τ . Circles are experimental, solid lines are the results of their best fit to the
rate equation model, with TMW = 11.1µK. The dashed line is a fit of Π52 to an exponential decay of time constant 5.1 ms.
Statistical error bars are smaller than the data points. In (a) and (b), each curve and data point is the result of the average
over ≈ 104 experimental runs. Panels (a) and (b) and Fig. 2 share the same color code.
on the |52C〉 → |nC〉 transitions, at frequencies νMW =
52.8 GHz, 51.2 GHz, 49.6 GHz, 48.2 GHz and 45.5 GHz for
n = 48 to 53, respectively. The ionization spectra in
Fig. 2 reveal that our measurement distinguishes effi-
ciently between circular Rydberg levels with different n
values.
Elliptical levels with high m (m . 50), spuriously pre-
pared by the imperfections of the circularization process,
are not addressed by the pi microwave pulses in the ap-
plied electric field. They are left in the n = 52 manifold
when we prepare |(n 6= 52)C〉 and ionized in nearly the
same field as |52C〉 (F = 123 V/cm). From the area of
these residual peaks, we estimate a lower bound of the
|52C〉 purity to be 80%. Most of the spurious popula-
tion is attributed to elliptical levels with m ≥ n − 3,
close to the circular state. For all relevant circular Ry-
dberg levels |nC〉, we determine the total number of
detected atoms Nn for each excitation pulse by inte-
grating the ionization signal, corrected for “dark” counts
(≈ 0.4 · 10−3 count/µs), over the field windows pictorially
shown in Fig. 2. We observe that, within experimental
uncertainties, the detection efficiencies of all these circu-
lar Rydberg levels are identical.
At T = 0 K, the circular state |nC〉 decays by sponta-
neous emission on the single |nC〉 → |(n− 1)C〉 transi-
tion, at frequency νn, with a free-space rate γn (γ52−1 ≈
35 ms). At a finite microwave BBR temperature TMW,
stimulated emission on this transition [rate nph(νn)γn]
and absorption on the |nC〉 → |(n+ 1)C〉 transition [rate
nph(νn+1)γn+1] reduce the lifetime. Here nph(νn) is the
number of BBR photons at frequency νn. Note that ab-
sorption on transitions towards elliptical levels is negli-
gible due to the small corresponding dipole matrix ele-
ments [26]. We have checked by microwave spectroscopy
in similar experimental conditions that there is no mea-
surable transfer from circular to elliptical levels over the
timescale of our experiments [15]. Note also that the
small fraction of elliptical levels spuriously prepared by
the circularization process decays in a similar way as
|nC〉, with almost the same rates. In the following, we
thus analyze the data as if all the atoms were prepared in
|52C〉, disregarding the small preparation imperfections.
In order to determine the lifetime of the CRAs and
TMW, we prepare the atoms in |52C〉 and detect them
after a delay time τ varying from 0.2 to 5.2 ms (Fig. 3a).
The population in the low-` levels decays rapidly (life-
time < 200µs [27]) and has completely vanished for
τ = 1.2 ms. Population transfers from |nC〉 to adjacent
circular levels is conspicuous. The total number of atoms
in all detected circular levels, Ntot(τ), is constant, up to
experimental drifts of about 6 %, over the whole data set.
In Fig. 3b, we plot the relative populations Πn(τ) =
Nn(τ)/Ntot(τ) of the |nC, 49 ≤ n ≤ 55〉 levels as a func-
tion of τ . Strikingly, an exponential fit to the decay of
population Π52 (dashed line) features a time constant of
(5.1± 0.2) ms, an exceptionally long time for a Rydberg
atom. In a more precise model, the Πns obey a simple
rate equation that reads
Π˙n = nph(νn)γn Πn−1 + [1 + nph(νn+1)] γn+1 Πn+1
− {[1 + nph(νn)] γn + nph(νn+1) γn+1}Πn. (1)
We add to this model a contamination of Πn+1 by 5% of
Πn to account for the overlap of the ionization signals.
We fit the data points in Fig. 3b with the outcome of the
model (solid lines), with TMW as the only free parameter.
The simulation is restricted to values of n between 49
and 55, as Π49 and Π55 remain much smaller than one
for τ ≤ 5.2 ms. We find a good agreement with our mea-
4surements for TMW = (11.1 ± 0.4) K, corresponding to
nph(ν52) = (4.3 ± 0.2) (error bars given by the fitting
procedure). The lifetime of |52C〉 is (3.7± 0.1) ms, given
by the loss rate of Π52 at τ = 0. Note that the time con-
stant of the simple exponential fit to Π52 is longer due to
the replenishment of |52C〉 from the neighboring levels at
later times.
The spontaneous-decay rates γn could be affected by
the modification of the microwave density of modes due
to the surrounding electrodes. By only considering the
effect of the closest electrode (the MOT mirror), we find
a 20% modification of the rates, which we consider as
an upper-bound of the effect of the farther electrodes.
Modifying the γns by ±20%, we find satisfactory fits to
the data with TMW = (11 ± 2) K, compatible with the
rough estimation given above (17 K).
We also investigate the coherence properties of the cir-
cular Rydberg levels. We record Ramsey interference
fringes and Hahn-echo signals on the |52C〉 → |50C〉
(2 × 48.2) GHz-frequency two-photon transition. Here,
we reduce the electric field to F = 0.46 V/cm in order
to minimize the sensitivity of the transition to electric
field dispersion while keeping a well-defined quantization
axis. We then wait 45µs to let the electric field reach its
steady-state, making its residual drifts negligible. The
microwave source is set 27 kHz away from the resonance
frequency. We apply two 1.8µs-long pi/2 pulses, sepa-
rated by a variable waiting time tRam, and measure the
fraction β50,52 = N50/(N50 + N52) of atoms transferred
from |52C〉 to |50C〉 as a function of tRam (Fig. 4a). For
the echo measurements (Fig. 4b), we perform an addi-
tional 3.2µs-long pi pulse at a time tE/2 ≤ tRam after the
first pi/2 pulse and scan tRam around tE for 8 different
echo times (50µs ≤ tE ≤ 400µs, tE = 150µs in Fig. 4b).
We fit the Ramsey fringes and the Hahn-echo signals to
sines sharing identical carrier frequency and width of a
Gaussian envelope (red lines in Fig. 4). For every dataset,
we get a contrast C, i.e., the amplitude of the Gaussian
envelope, and a revival time tR, i.e., the position of the
maximum of the envelope (tR . tE). The shared half
width at half maximum of the Gaussian envelopes corre-
sponds to a reversible coherence time T∗2 = (38.5± 1)µs.
We plot in Fig. 4c the contrast of the echo C as a func-
tion of tR. To reproduce the observed decoherence, we
use a simple dephasing model. We consider a Gaussian
noise on the energy difference ∆E between |50C〉 and
|52C〉, of variance σE2, with an exponential correlation
function of characteristic time τM. Its power spectrum
density is Lorentzian with a 3 dB cut-off frequency of
νc = (2piτM)
−1. We fit the Ramsey and Hahn-echo sig-
nals to this model (blue lines in Fig. 4a, b, c), taking as fit
parameters νc and σE . It agrees remarkably well with all
experimental data, with a cut-off frequency νc = 76 Hz
and σE = h×4.7 kHz. The irreversible decoherence time,
T′2, defined by C(T′2) = C(0)/2, is T′2 = 270µs.
The coherence of the CRAs can be limited by both
their Stark and Zeeman effects. In order to estimate the
contribution of electric field noise or inhomogeneities to
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FIG. 4: Coherence time measurements. (a) Ramsey
fringes and (b) Hahn-echo experiment: β50,52 is plotted w.r.t.
the time tRam between the two pi/2 pulses. In (b), an ad-
ditional pi pulse is made at tE/2 = 75µs after the first pi/2
pulse. Each point is the result of the average over 5500 ex-
perimental runs. (c) Contrast C of the revival of oscillations
of β50,52 as a function of the revival time tR. In all panels,
error bars are statistical. Red dashed lines are fits to a sine
with Gaussian damping, blue solid lines are the outcome of
the stochastic noise model.
the measured T ∗2 and T ′2 times, we recorded the spec-
trum of the |52C〉 → |53E〉 transition, where |53E〉 is
the low-lying elliptical level with m = 51 (Fig. 1b).
This ∆m = 0 transition is insensitive to the mag-
netic field to first order, but its electric field sensitivity,
αCE = 102 MHz/(V/cm), is large. After an electric-field-
gradient minimization, we found a Gaussian line of full
width at half maximum (FWHM) δCE = (175 ± 9) kHz.
Correcting for the 121 kHz Fourier-limited linewidth of
the 10µs-long interrogation pulse, it corresponds to an
electric field variation of δFy = (1.2± 0.1) mV/cm.
This electric field variation is too small to account
for the measured value of T ∗2 . The |52C〉 → |50C〉
two-photon transition has a linear Zeeman effect (αB =
2.80 MHz/G) but no first order Stark effect. Its quadratic
5Stark shift is 535 kHz/(V/cm)2. Small fluctuations δFy
around Fy = 0.46 V/cm electric field thus result in a
frequency shift αCC δFy, where αCC = 582 kHz/(V/cm).
The measured value of δFy would then induce a reversible
coherence time of 4 ln(2)/(αCCδFy) = 5 ms T ∗2 .
The limited decoherence time is thus likely mainly due
to magnetic field fluctuations. The fitted value of σE cor-
responds to magnetic field fluctuations of σE/(hαB) =
1.7 mG. They may result from electric current noise in
the MOT magnetic coils, given the mV noise on the cur-
rent supply analog control and the circuit bandwidth of
about 100 Hz, similar to the estimated νc.
We have prepared cold CRAs in a cryogenic environ-
ment and measured their lifetime and coherence time.
Much longer coherence times, of the order of the circular
states lifetime, could be obtained by getting rid of the
purely technical magnetic field fluctuations. The 3.7 ms
lifetime of |52C〉 is already ≈ 40 times longer than that of
low-` laser-accessible levels. Combined with ponderomo-
tive laser trapping [15], it opens bright perspectives for
quantum simulation with circular Rydberg states. The
lifetime could even be pushed into the minutes range in-
side a spontaneous-emission inhibition structure [19]. In-
terestingly, recording the transfer of populations between
circular Rydberg levels allowed us to estimate in situ the
absolute temperature of the microwave BBR. This could
be an important tool for metrology, particularly in the
field of atomic clocks, in which the black-body radiation
induced shifts significantly contribute to the uncertainty
budget [28–30].
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